BARRY, PETER H. Membrane potential simulation program
for IBM-PC-compatible equipment for physiology and biology students. Am. J. Physiol. 259 (Adv. Physiol. Educ. 4): S15--S23, 1990.-MEMPOT is an interactive graphic simulation program, written in Turbo C for IBM-PC-compatible equipment and designed to teach students in the physiological and biological sciences about the measurement and ion dependence of cell membrane potentials.
Different external salt solution values can be chosen and an intracellular electrode can be moved on the screen to impale one of a group of cells and measure resting or action potential responses. A simulated voltage-to-frequency audio signal emulates normal experimental audio monitoring of the electrode potential, and a window displays a simulated oscilloscope trace (together with "electrical noise") of the resting or action potential response. The average value of each set of successful impalements is determined for each solution. Once measurements have been made over a suitable range of different solutions, the data can be reentered and plotted graphically on the screen and an interactive approach can be used to determine relative sodium-to-potassium permeabilities at rest or <at the action-potential peak. A randomization routine varies permeability ratios within a small range between runs. physiology teaching; computer simulation; membrane potentials; computer programs AN ADEQUATE UNDERSTANDING ofmembranepotentials is often not really gained without difficulty by medical or science students in the physiological or biological sciences. Part of the problem arises because of the fact that students normally do not have any practical experience of measuring or observing the generation of small electrochemical potentials. To meet this need, I have developed two particular laboratory teaching exercises (practical classes).
In one laboratory exercise [Barry (2) ; see also Manalis and Hastings (7)], developed independently in 1974, students measure electrical potentials across an artificial ion-exchange membrane separating two different KC1 solutions.
As an additional and complementary laboratory exercise, I have more recently developed a computer program to simulate measurements of membrane potentials in a series of individual excitable cells.
The program has been designed to show students the principles underlying the experimental measurement of membrane potentials and enable them to run through an experiment in a comparable way to that done in the laboratory with normal audio-monitoring sound effects and somewhat typical experimental and biological variation built in. In addition, the program allows the data that is generated to be reentered and graphically fitted to the Goldman-Hodgkin-Katz equation [Goldman (4), Hodgkin and Katz (5) where Vm is the membrane potential (inside measured with respect to outside), PNa/PK is the relative sodiumto-potassium permeability ratio, [K] and [ Na] represent the potassium and sodium concentrations, with subscripts o and i referring to the values outside and inside the cell, respectively, R is the gas constant, T is the temperature in OK, and F is the Faraday constant. It has been assumed that anions are impermeant-a reasonable assumption for nerve or for skeletal muscle in SO:-solutions [e.g., Hodgkin and Horowitz (6)]. For a discussion on the more general applicability of Eq. 1 in the presence of permeant ions of only one sign see, for example, Barry and Gage (3). The program uses Eq. 1 to generate a fitted curve with a trial value of PNJPK. It permits a visual comparison of the data points with the fitted curve and displays the averaged value of the squares of the deviations of these points from the curve. The students can try different values of PNJPK to minimize this average sums-of-the-squares value and thus determine the value of PNJPK that best fits the data. The default fitting procedure automatically corrects the sums of the squares for the standard errors of the data values, but this can be changed or overruled by the user. The students can use the above procedure for determining the value of PN,/PK during either of the two zerocurrent situations, i.e., resting potential and action potential peak, in which such an equation is valid. In principle, the equation can also be used for determining the value of PNJPK at the most negative point of the afterhyperpolarization.
Because it is very insensitive to [NalO, and [K10 remains constant during the action potential measurements, so as not introduce complications of altering the amount of sodium inactivation before the initiation of the action potential, the afterhyperpolarization remains virtually constant as [ Na] , is changed.
We have been using the program with both our undergraduate medical and science students and found the laboratory exercise to be well appreciated by the students. We used the program with four computers in a laboratory class and found that groups of up to about five students at a time per computer were quite satisfactory. This gave students the opportunity to each make at least one set of measurements on the group of cells in a particular solution during both the resting and actionpotential exercises. The groups were small enough for all the students to be involved in the reentering of data into the second part of the program and the permeability fitting. A suggested running time for the laboratory exercise is between 1.5 and 2 h (although it could be completed in a slightly abbreviated form in -1 h), depending on the number of data points chosen, the possible inclusion of a short introductory talk, and whether the students plot the final graphs for themselves in the laboratory period. and above operating systems. The program requires the presence of a MEMPOT.KEY file and the Turbo C *.BGI and *.CHR files (Turbo C is the registered trademark of Borland International), each of which are provided with the program (details of where to obtain it are given at the end of this paper). Multiple copies of the program may be made for a department. An optional setup file MEMPOT.SET can also be generated to determine set values of internal concentrations, initial external concentrations and temperature, etc.
AIM OF THE PROGRAM
The main aim of the program is to show students how changes in the ionic salt composition can affect both the resting membrane potential and the peak of the action potential. In particular, students can learn that the resting membrane potential of an excitable cell is very sensitive to the external potassium concentration: an increase in the external potassium concentration will depolarize the cell and a decrease in it will cause a hyperpolarization.
As in the normal experimental situation, the internal salt composition of the cell is considered-to remain constant while the experimenter changes the external composition but keeps the total ionic strength and osmolality constant. cations, which will be kept constant throughout the exercises. These values can be changed (together with the temperature; default value is 20°C) and new values stored in a file MEMPOT.SET before the exercises. Students can also observe that the peak of the action potential is dependent on the sodium concentration in the external solution. They can further note that the resting membrane potential lies between the potassium equilibrium potential (Ek) and the sodium equilibrium potential (E&, but is very much closer to Ek. The peak of the action potential can be seen to approach ENa and the afterhyperpolarization to approach Ek. In addition, students can learn how membrane potentials are normally measured in the laboratory situation with two KCl-filled microelectrodes. Electrode movement on the screen emulates that of a microdrive micromanipulator system, with the arrow cursor keys initiating movement and another key ((SPACEBAR)) stopping it. An audio output with buzz frequency proportional to electrode potential mimics the experimental situation, in which a voltage-frequency converter and audioamplifier generates an audio signal which helps an experimenter control electrode impalement. Students can learn to appreciate how a bad ("glancing") impalement will result in a damaged cell with a low membrane potential (actually 0 mV in the program and not included in any averaged results) and that there can be a small cell-tocell variation in the amplitudes of membrane potentials and action potentials, even when "good" impalements are made. The program can be started by simply typing MEM-POT and pressing the (ENTER) key. Either lower-case or upper-case characters can be used when required for keyboard commands. The first screen is then displayed (Fig. 1 ) and the user is given the option of obtaining more information or of proceeding straight to the fourth screen with a choice of two major exercises. Exercise 1. Resting potential measurements, obtained by pressing R, allows the student to concentrate on resting-potential measurements alone, whereas Exercise 2. Action potential measurements, obtained by pressing A, allows the student to investigate the action potential. At this stage, if required, it is also possible to proceed directly to the permeability fitting section by pressing F. Normally, however, the (SPACEBAR) is pressed to bring up the main electrode screen with five intact cells (after any previous measurements have been made, a change of solutions also brings up the stationary reference electrode situated well above the group of cells as in Fig. 2 dents should decide at the beginning of the exercise on a suitable series of different concentrations to cover the range between 0.5 mmol/l and a maximum value (e.g., 150 mmol/l for mammalian concentrations).
When the appropriate concentration value is entered, the internal electrode (and reference electrode, if not already displayed) is shown above the group of five cells. Electrode movement is then initiated by momentarily touching one of the arrow cursor keys. Normally, before cell impalement, there is a continuous low buzz tone indicating a potential of 0 mV at the internal electrode. This sound changes to a continuous higher pitched tone, dependent on membrane potential, when the cell is impaled, simulating a frequency-voltage converter and buzz box used in normal laboratory measurements for aiding electrode impalement. If required, this tone can be completely turned off by pressing N for "no sound" and turned back on again with S for "sound." Alternatively, the continuous tone can be turned off, and a beep mode can be turned on by pressing B. In this mode, a beep tone, with frequency dependent on membrane potential, is generated only when the electrode first impales each cell. The velocity of electrode movement can also be varied by pressing a number key between 1 (slowest) and . When the electrode impales a cell successfully, the value of the membrane potential of that cell is displayed, and a simulated oscilloscope trace is displayed in the left panel, as indicated in Fig. 3 . In addition, the cell shading becomes hatched to indicate that that particular cell has been impaled (somewhat parallel to the situation in which a muscle fiber becomes opaque after having been damaged). The student should then withdraw the electrode and impale the remaining cells in turn (in any order). A "glancing" or lateral impalement will result in a nonsuccessful impalement with a zero potential value, which is not included in the averaged value. Driving the electrode right through the cells into the base on which they are resting results in a simulated breakage of the electrode, leakage of 3 M KCl, and depolarization of the remaining "intact" cells. When all the cells are impaled or depolarized, the simulated oscilloscope traces from successful impalements at that salt concentration are averaged and shown in the left panel (Fig. 4) . Students should note that the trace noise has been reduced by the averaging procedure. In addition, the potassium and sodium equilibrium potentials are now also displayed as red dashed lines in the panel to indicate that the resting potential lies between these two equilibrium potentials but closer to the potassium one. The group of membrane potential values are also averaged and displayed in the right panel together with the SE and number of successful impalements. The student is then prompted to press the (SPA-CEBAR) before entering a new value of salt concentration for a new group of cells. At this point, if measurements have been made with enough salt concentrations (e.g., seven or eight well-distributed values across the range of possible concentrations is quite adequate) a single printout of the data generated so far can be obtained by pressing P (a sample printout obtained at this stage in the program is shown in Fig. 5 ). The student can terminate this section of the exercise by pressing the (ESC) key, as prompted.
A four-cycle semilogarithmic graph axes panel for membrane potential, Vm, plotted against [K10 (using a Log scale) is then displayed (Fig. 6) , and the student is given another opportunity to printout the data obtained in the first part of the exercise, if he has not already done so. Although the program can actually automatically transfer those data values to the graph (using the command line MEMPOT/A when initially executing the program), it has been considered more educationally beneficial to have the students reenter the data and plot the points on the graph. This reentering and plotting is now done, as indicated in the bottom panel of Fig. 6 , with a simple entering and editing routine (using arrow and (ENTER) keys). As each point is entered with its SE, it is then listed in the right panel and plotted on the graph. Incorrectly entered points can be deleted and removed from the graph, as indicated. Data entry is terminated, as prompted, with the (ESC) key.
The next part of the program uses a "curve-fitting" procedure to allow the student to estimate the best value of the &/PK. The user is prompted to enter a trial value of &/PK (within a reasonable range), and this value is used to generate a light cyan theoretical curve, using the Goldman-Hodgkin-Katz equation (Eq. I), which is then displayed together with the yellow data points. The program sums the average squares of the deviations of each of these points from the line (normally, this is corrected for the SE values in each case by dividing by the value of the square of the SE, although this correction for SE values can be overridden before or during program use) and prints this value together with the trial value of P& Pk in the right panel (Fig. 7) nated with the (ESC) key, after which the best value of P&Pk chosen thus far is displayed along with the average value of the corrected sum of squares. The appropriate curve is also displayed with the data points (see Fig. 9 in the next section for the equivalent case of Exercise 2. Action potential measurements).
These theoretical values generated for the curve, together with the data points and the best value of &/Pk, can then be printed for a permanent record for the student's laboratory notebook. Demonstrators should note that the code at the bottom of the printout (see Fig. 5 ) gives a reasonably good estimate of the correct permeability ratio for this particular set of cells (before the addition of random noise to the actual records). The value is obtained by taking the last four figures after the program date code (20390) and dividing them by lo5 (i.e., &/Pk = 1,223/ lo5 = 0.01223). Students can also be encouraged to manually replot the data points with the "best fit" theoretical curve on semilogarithmic graph paper. At the end of this section, students can terminate the program or go back to the beginning to do Exercise 2. Action potential measurements with a new set of cells and permeabilities.
Exercise 2. Actionpotential measurements.
In this case, the program procedure is very similar to that described in Exercise 1. Resting potential measurements.
However, now when the reference electrode panel is displayed, the student is prompted to enter [NalO. The external concentration of choline ([chol],) is then adjusted, so that [K10 is kept fixed at its initial value (e.g., 5.5 mmol/l) and [K] o + [Nalo + [chollo = constant (e.g., 155.5 mmol/l).
When the electrode successfully impales a cell, the value of the resting membrane potential is displayed below the cell panel, together with a green simulated oscilloscope trace in the left panel. At this point, however, the user is prompted to press the (SPACEBAR) to pass a current into the cell and initiate an action poten- In the real laboratory situation with only one interEk. This left panel display should clearly show the stunal electrode being used, this would require a special dents that the resting potential lies fairly close to the single-electrode clamp set up to time share between Ek, that the peak of the action potential tends to apcurrent passing and voltage recording. The trace of a proach the E Nap and that during the afterhyperpolarizasimulated action potential is then generated as in Fig. 8 tion, the potential moves closer to the Ek than when it (in this case the averaged response), and the value of its was in the resting state. The averaged values of the peak is displayed below the resting membrane potential action potential peaks are now displayed in the right value. When each of the five cells of a group have been panel, together with SE values and numbers of successful impaled, the traces of successful impalements are aver-impalements. When measurements have been made in aged and displayed in the left panel (Fig. 8) , together enough different bathing solutions, a single printout can with red dashed lines indicating the positions of the be obtained and the section terminated with the (ESC) sodium and potassium equilibrium potentials, ENa and key . A three-cycle semilogarithmic graph axes panel for membrane potential, Vm, plotted against [Na], (using a log scale), but with a different voltage range and axis location (Fig. 9 ) than in the resting potential exercise, is then displayed. The action potential data obtained in the first part of that exercise can be reentered in the same way as they were for the resting potential measurements (as indicated in Fig. 6 ). Again, students can use the interactive graphic fitting procedure to determine the relative PNJPk at the peak of the action potential from the "measured" data points. Having tried a series of permeability values to obtain the value that gave the minimum least squares value, this best value is then used to plot and fit a curve to the data, as shown in Fig. 9 . Students can then get a printout of both the experimental and fitted data in the form shown in Fig. 10 . For demonstrators, a reasonably good estimate of the "correct" permeability ratio (before the addition of random noise) for this particular set of cells can be derived from the code at the bottom of the figure, by taking the last four figures after the program date code (20390) and dividing by 100 (i.e., &/Pk = 2,162/100 = 21.6) and this is reasonably close to the fitted value of 23.2 given at the top of the figure. The program can then be terminated or repeated for a new group of students with new cells and permeabilities. OTHER 
RELATED PROGRAMS
The MEMPOT program has been designed to explore the dependence of the zero current diffusion potential on relative ion permeability and does not seek to fit a model, such as the Hodgkin-Huxley model, for the generation of the action potential. However, there are at least two other related and somewhat complementary programs that do attempt to fit the kinetics and generation of the action potential. Both are available for IBM-PC-compatible equipment.
potassium ions on the resting potential; 3) the effect of changing the external concentration of sodium on the peak of the action potential; 4) the relationship between the resting potential, peak of the action potential and after hyperpolarization, and the potassium and sodium equilibrium potentials; 5) the role of the P&Pk in determining the membrane potential; and 6) how to determine parameters such as permeability ratios from a series of membrane potential measurements by the use of simple interactive fitting procedures.
The program was originally developed as a replacement for a microelectrode laboratory exercise that we used to run for our third year science undergraduate students, conjunction with a screening of the film "Microelectrodes in Muscle" (1) . In the exercise, the students had used microelectrodes to measure the resting potential of frog sartorius muscle fibers in solutions of different potassium and sodium concentrations.
It has a number of advantages over an actual microelectrode laboratory exercise: 1) it does not require the use of an animal preparation and, therefore, helps to minimize animal usage in student teaching; 2) it does not require a fairly critical prior dissection of an animal preparation; 3) it eliminates technical problems in setting up the equipment, eliminating electrical interference, etc., for a large group of students with limited time available; 4) students are assured of reliable measurements on excitable cells in a number of different salt solutions; 5) students can learn more conceptual principles about membrane potentials in the course of the exercise and can then readily evaluate the relative sodium and potassium permeability ratios that best fit their data; and 6) in contrast to the unpopularity of the original exercise, the students seemed to really enjoy the computer simulation and want to spend more time doing it. 
